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A fundamental issue during nervous system development is how individual cells are formed from the
undeﬁned precursors. Differentiated neurons and glia, two major cell types mediating neuronal
function, are acquired from immature precursors via a series of explicit controls exerted by transcrip-
tion factors such as proteins in the family of Glial cells missing (Gcm). In mammals, Gcm proteins are
involved in placenta and parathyroid gland development, whereas in the invertebrate organism
Drosophila, Gcm proteins act as fate determinants for glial cell fate, regulate neural stem cell (NSC)
induction and conversion, and promote glial proliferation. In particular, Gcm protein levels are carefully
tuned for Drosophila gliogenesis and their stability is under precise control via the ubiquitin-
proteasome system (UPS). Here we summarize recent advances on Gcm proteins function. In addition
to describe various features of Gcm protein family, the signiﬁcance of their functions in the developing
nervous system is also discussed.
& 2012 Elsevier Inc. All rights reserved.Introduction
Tissue and organ development in animal organisms are major
cellular processes that involves active fate determination and
dynamic cell behaviors. The origins of different cell types and their
changing expression patterns serve the basis for orchestrating a
correct and sound developmental progression. Intriguingly, explicit
transcriptional controls over steps of cell maturation are placed by
intrinsic and extrinsic cues to precisely manipulate cell generation
and their distinct functions. Taken the development of a nervous
system as an example, the number and function of two major cell
types, neurons and glia, are regulated by intricate transcriptional
mechanisms and their interactions are essential for neuronal
function. How these cells are destined to become one or the other,
and how the initial precursor cells differentiate into their ﬁnal
acting forms have always been of central interest when trying to
understand the mechanisms of nervous system development.
Over the past decades, researchers have made tremendous
progress in elucidating the origin, development, and function of
the prominent cell type in the nervous system, glial cells. Reports
showed that the ratio of glial cells to neurons is close to 1 in
different areas of the mammalian brain and glial cell number variesll rights reserved.
Ho).among animal species(Azevedo et al., 2009; Dombrowski et al.,
2001; Hilgetag and Barbas, 2009; O’Kusky and Colonnier, 1982).
In mammals, transcription factors such as SRY (sex determining
region Y) box 10 (Sox10) and Olig are determinants of glial cell fate
and regulate the speciﬁcation of oligodendrocytes and Schwann
cells(Britsch et al., 2001; Jessen andMirsky, 2005; Li and Richardson,
2008; Ligon et al., 2006; Wegner and Stolt, 2005). On the other
hand, glial cell development in Drosophila embryos is mediated by a
master regulatory gene, glial cells missing/glial cells deﬁcient (gcm/
glide, henceforth gcm) (Hosoya et al., 1995; Jones et al., 1995;
Vincent et al., 1996). These transcription factors activate different
target gene expressions to diversify the fate choice. At the same
time, they on their own are targets for regulation as well.
Soon after the discovery of Drosophila Gcm, a second gcm gene
in Drosophila, Gcm2, and two mammalian homologs GCMa/GCM1
and GCMb/GCM2 were identiﬁed. Due to the presence of the same
DNA-binding motif, the Gcm motif, at the amino-terminus of
these proteins, a novel family of Gcm proteins was deﬁned(A-
kiyama et al., 1996; Cohen et al., 2003; Cohen et al., 2002;
Schreiber et al., 1998). Tremendous amount of work have been
done to elucidate the importance of Gcm proteins in various
developmental contexts, and new mechanisms of Gcm-mediated
cell fate speciﬁcation, differentiation, and proliferation are con-
tinuously uncovered. Conventionally considered as a binary
switch controlling neuronal and glial cell differentiation in Dro-
sophila, Gcm is now shown to modulate neural stem cell (NSC)
induction in mammals and convert the Drosophila NSCs towards
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Gcm promotes the proliferation of glial progenitors via an
ubiquitin-proteasome dependent mechanism. In this review, we
summarize these recent advances on Gcm proteins function, and
provide thorough insights on how these functions impact the
development of nervous system.Gcm protein family
Among members of Gcm protein family, gcm mutants were
discovered earliest by excisions of the enhancer trap line rA87 and
an enhancer detector screen for genes involved in cell fate
determination in Drosophila embryonic central nervous system
(CNS, Jones et al., 1995; Vincent et al., 1996). These gcm mutants
were characterized with early lethality, abnormalities in CNS
axonal patterns, and most evidently, a dramatic loss of glial cells.
A second Drosophila homolog of gcm, gcm2, shares the same
genomic locus with gcm, albeit is detected with a lower expres-
sion level(Alfonso and Jones, 2002; Kammerer and Giangrande,
2001). Unlike gcm, loss of gcm2 function does not have deterior-
ating effects on embryonic glial cell development(Kammerer and
Giangrande, 2001). Yet, Gcm2 overexpression in the absence of
gcm activity is competent to induce glial differentiation, suggest-
ing that Gcm2 is also a glial promoting factor(Kammerer and
Giangrande, 2001). In the hematopoietic system, analysis of a
deﬁciency line deleting both gcm and gcm2 (Df200) reveals that
the number of macrophages marked by the antibody against the
macrophage receptor Croquemort (Crq) has reduced(Alfonso and
Jones, 2002). This piece of evidence suggests that gcm and gcm2
are both required for regulating the plasmatocyte/macrophage
differentiation (Alfonso and Jones, 2002).Table 1
Gcm protein family. Only ﬁve major members of Gcm protein family were listed here.
Protein
name
Common domains Downstream
targets
Expression patterns Common
functions
Gcm – GCM motif/
DBD domain
– PEST domain
– Transactivation
domain
– Repo
– Pnt
– Loco
– Ttkp69
– Unc-5
– Draper
– CNS glia
– Hemocytes
Transcrip
factors
regulate
expressio
Gcm2 – Crq – CNS glia
– Hemocytes
mGCMa/1 – Syncytin 2
– MFSD2A
– Predominantly in
placenta
mGCMb/2 – CasR
– CCL21
– Predominantly in
parathyroid gland
cGcm1 – NeuroM – Chicken
embryonic CNS
Abbreviations: GCM: glia cell missing, CNS: central nervous system, DBD: DNA binding do
crq: croquemort, MFSD2A: major facilitator superfamily domain containing 2, CasR: calciuThere are two gcm homologs, GCMa/GCM1 and GCMb/GCM2, in
mammals. Predominantly, the mouse Gcm homolog mGCMa is
expressed from embryonic day 7.5 (E7.5) to E17.5 in subsets of
placental trophoblast cells (Altshuller et al., 1996; Basyuk et al.,
1999). mGCMa mutant mice died at around E9.5 due to placenta
failure and these animals lack a functional labyrinthine layer for
exchanging nutrients and gas from the blood (Schreiber et al.,
2000). Mammalian gcm genes are expressed at low levels in the
nervous system, and no reports directly link these genes to
gliogenesis in mammals. Initial observations, however, indicate
that mGCMa overexpression in the Drosophila embryonic CNS or
cultured system from mouse brains exhibits potential to induce
glial differentiation (Iwasaki et al., 2003; Reifegerste et al., 1999).
The evidence that mGCMa and Gcm possess comparable tran-
scriptional activation potentials in tissue cultures further suggests
that they similarly act as transcription activators (Reifegerste
et al., 1999). A second mammalian gcm gene, GCMb/GCM2, is
expressed mainly in the parathyroid gland (Liu et al., 2007).
GCMb carrying different point mutations have been found to
associate with hypoparathyroidism, a disease characterized by
the low production of parathyroid hormone (PTH) and low blood
calcium levels (Baumber et al., 2005; Bowl et al., 2010; Ding et al.,
2001; Mirczuk et al., 2010; Thomee et al., 2005). GCMb is required
for normal parathyroid development via its transcriptional acti-
vation of downstream target genes such as the calcium sensing
receptor (CaSR), thereby regulating calcium levels in the blood(-
Canaff et al., 2009).
In addition, an independent study by Soustelle et al. (2007)
investigated the function of the vertebrate chicken ortholog of ﬂy
Gcm (c-Gcm1). Interestingly, c-Gcm1 is expressed and required for
neurogenesis in the developing spinal cord (Soustelle et al., 2007).
c-Gcm1 regulates vertebrate neurogenesis via interacting with
proneural and progenitor factors such as neurogenin and Sox1-3Developmental
contexts
References
tion
gene
n
– Gliogenesis
– Neurogenesis
– Hemocyte
differentiation
– Glial
proliferation
– NSC
conversion
(Akiyama et al., 1996; Chotard et al., 2005; Freeman
et al., 2003; Granderath et al., 2000; Ho et al., 2009;
Hosoya et al., 1995; Jones et al., 1995; Kammerer
and Giangrande, 2001; Vincent et al., 1996; Yoshida
et al., 2005)
– Gliogenesis
– Neurogenesis
– Hemocyte
differentiation
(Alfonso and Jones, 2002; Chotard et al., 2005;
Hashemolhosseini and Wegner, 2004; Kammerer
and Giangrande, 2001; Yoshida et al., 2005)
– Mammal
placenta
development
– NSC induction
(Cohen et al., 2003; Flici et al., 2011;
Hashemolhosseini and Wegner, 2004; Kim et al.,
1998; Reifegerste et al., 1999)
– Mammal
parathyroid
gland
development
– NSC induction
(Flici et al., 2011; Hashemolhosseini and Wegner,
2004; Liu et al., 2007)
– Vertebrate
neurogenesis
(Soustelle et al., 2007)
main, Repo: Reversed polarity, Pnt: pointed, loco: locomotion defects, ttk: tramtrack,
m-sensing receptor, CCL21: CC chemokine ligand 21, NSC: neural stem cell.
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genic role for gcm genes across species including ﬂy, chicken, and
mouse was also shown by the induction of neural marker expres-
sions in HeLa cells in-vitro in this study (Soustelle et al., 2007).
As summarized in Table 1, gcm genes play pivotal roles in a variety
of developmental processes, especially the development of nervous
system. Below we discuss the general transcription mechanisms of
Gcm proteins, and their functions in regulating glial differentiation,
proliferation, and NSC conversion. With a more deﬁned role known
for Drosophila Gcm, we focus on its function, and compare the
mechanisms when there are functional similarities between
Drosophila and mammal Gcm proteins.Gcm proteins as transcription factors
Gcm proteins contain the DNA-binding domain (DBD) and the
transactivation domain (AD) to tune expressions of downstream
genes (Table 1 and Fig. 1A). PEST sequences implicated in rapid
protein turnover are also frequently found in these proteins. In
Drosophila, Gcm activates gene expressions of reversed polarity
(repo), pointed (pnt), locomotion defects (loco), and ttkp69 viaGBS
+1Gcm
repo, pnt, loco
unc-5
draper
Gcm target gene
glial differentiation
glial migration
cell corpse engulfment
GBS
+1
GcmHkb
Gcm
Gcm
ARE
unstable 
element
5’ 3’DBD ADPESTNLS
Gcm
ARE
5’ 3’DBD
Gcm2
5’ 3’DBD PEST ARE
mGCMa/1
ADAD
5’ 3’DBD ARE
mGCMb/2
ADPESTAD IDPEST PEST
PEST
ttk neuronal differentiation
+
+
+
-
Fig. 1. Gcm protein structures and Gcm-mediated transcription regulation. (A)
Drosophila and mouse Gcm protein structures were shown in alignment. All four
Gcm proteins contain a DNA binding domain (DBD, blue), PEST domains impli-
cated in rapid protein turnover (PEST, gray), and transactivation domain (AD,
purple). Drosophila Gcm contains a nuclear localization signal sequence (NLS,
brown) whereas mouse GCMb/2 carries an inhibitory domain (ID, green). Some
Gcm proteins carry an unstable AU-rich element at the 30-UTR region (ARE,
orange). (B) Drosophila Gcm binds to the gcm binding site (GBS) and regulates
target gene expressions. These genes include repo, pnt, or loco for promoting glial
differentiation, unc-5 for promoting glial migration, draper for promoting cell
corpse engulfment, and ttk for inhibiting neuronal differentiation. (C) Drosophila
Gcm undergoes autoregulation and enhances its own transcription by interacting
with a cofactor Huckebein (Hkb, green).binding to the gcm binding site (GBS) in their promoter regions
(Giesen et al., 1997; Granderath et al., 2000; Granderath et al.,
1999; Lee and Jones, 2005; Xiong et al., 1994; Yuasa et al., 2003).
In addition to the identiﬁcation of cis-regulatory elements in repo
promoter region that requires Gcm binding (Johnson et al., 2012;
Jones et al., 2004; Lee and Jones, 2005), searches for additional
Gcm target genes have been done. Genome-wide microarrays and
computational approaches were used to identify downstream
target genes when Gcm is misexpressed in Drosophila embryos
(Altenhein et al., 2006; Egger et al., 2002; Freeman et al., 2003).
Among these studies, Unc-5, a repulsive netrin receptor, was
shown to be expressed in glia migrating away from the midline
and a subset of neurons in Drosophila embryonic CNS, suggesting
that Unc-5 controls glial migration (Freeman et al., 2003). Another
Gcm target gene, draper, is the sequence homolog of the C. elegans
cell corpse engulfment gene ced-1 (Zhou et al., 2001). Like ced-1,
Draper similarly engulfs cell corpses in Drosophila CNS (Freeman
et al., 2003). Altogether, these results suggest a diverse role of
Gcm in controlling different target gene expressions and regulat-
ing various developmental processes such as gliogenesis, migra-
tion, and engulfment (Fig. 1B).
On the other hand, a Gcm mutant allele, gcmN7-4, was used to
assess the transcription activities of Gcm. Findings revealed that
Gcm undergoes positive autoregulation (Akiyama et al., 1996;
Miller et al., 1998) and regulates the levels of itself by binding to
the GBS in the promoter region. A patterning cofactor, Huckebein
(Hkb), is required for this process (De Iaco et al., 2006). When Hkb
is absent, no subperineural glia (SPG) were detected in a neuro-
glioblast lineage that generates both neurons and glia (NGB1-1).
Vice versa, Hkb overexpression enhances Gcm autoregulation by
physically interacting with Gcm and promotes the SPG formation
(De Iaco et al., 2006; Soustelle and Giangrande, 2007a). Interest-
ingly, another set of transcription factors, Pitx homeodomain
proteins, were also reported to interact with GCMa to modulate
placenta development in mammals (Thomee et al., 2005). These
results suggest that Gcm undergoes complex transcriptional
regulation either by interacting with other cofactors or binding
to dynamic DNA binding sites (Fig. 1C).Drosophila Gcm regulates embryonic glial differentiation
Neurons and glia in Drosophila embryonic CNS are derived
from groups of precursors termed neuroblasts (NBs), glioblasts
(GBs), and neuroglioblasts (NGBs) (Bossing et al., 1996; Schmidt
et al., 1997). These precursors, also commonly known as neural
stem cells (NSCs), exhibit self-renew potentials and give rise to
neurons (from NBs), glia (from GBs), or both neurons and glia
(from NGBs) (Bossing et al., 1996; Schmidt et al., 1997). NBs
divide asymmetrically to generate another NB and a ganglion
mother cell (GMC), which divides further to generate two
neurons. Whereas GBs produce only glia, two types of NGBs, type
I and type II, generate neurons and glia via distinct modes. Type I
NGBs divide to generate a NB which divides asymmetrically as
described and a GB which divides to produce two glial cells.
On the other hand, type II NGBs divide to generate GMCs which
either give rise to two neurons, or continue to divide to generate
both neurons and glia (Soustelle and Giangrande, 2007a). Regula-
tions on the division mode and fate determination of these
precursor cells can be rather complex and crucial in creating cell
diversity in the CNS.
One of the ﬁrst identiﬁed functions for Drosophila Gcm is to
specify glial cell fate in these precursors. Gcm is responsible for
the differentiation of almost all glial cells except midline glia
(Jacobs, 2000) (Fig. 2). Analysis of a NGB lineage 6-4T showed that
gcm RNA was asymmetrically localized into the presumptive
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Fig. 2. Gcm protein functions during Drosophila development. Pictures of Drosophila embryo, larva, and adult were drawn to illustrate the developmental process. During
embryogenesis, Drosophila Gcm acts as a binary switch to control neuronal and glial cell fates and undergoes F-box proteins-mediated ubiquitination and degradation.
Accumulated Gcm proteins cause increased glial proliferation possibly via the ampliﬁcation of intermediate precursor cells. During postembryonic development, Gcm also
regulates gliogenesis via a group of intermediate neural progenitor cells (INPs) in the dorsal-medial (DM) type II lineage. gcm expression is essential for the differentiation
of neuropile glia (NG), lamina glia (LG), medulla glia (MG), and lamina neurons (LN) in the larval optic lobe (brown color area). Gcm expression is not required for surface
glia (SG) and cortex glia (CG). For simplicity, only different types of glia were shown in a cross section of the larval brain.
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Bernardoni et al., 1999). This asymmetric RNA distribution was
initially thought to be a means for Gcm to regulate glial differ-
entiation (Akiyama-Oda et al., 1999; Bernardoni et al., 1999).
However, a later study redeﬁned the view by showing the
uniform distribution of gcm RNA during the division. Instead,
the Prospero transcription factor was shown to be asymmetrically
localized to upregulate gcm expression in the daughter GB
(Freeman and Doe, 2001). Moreover, gcm RNA was found to
contain an AU-rich elements (ARE) motif at its 30-untranslated
(30-UTR) region which renders the RNA unstable, and gcm RNA
carrying a mutated ARE motif becomes more stable, thus enhan-
cing the Gcm ability to induce gliogenesis (Soustelle et al., 2008)
(Fig. 1A).
As a transcription factor, Gcm speciﬁes glial cell fate via
binding various downstream effectors which either activate the
glial program (such as Repo) or repress the neuronal program
(such as ttkp69, (Giesen et al., 1997). Strikingly, gcm mutant ﬂies
exhibit a dramatic loss of glial cells and ectopic expression of Gcm
in neuronal cells results in a divergence in fate such that these
destined neuronal cells are transformed into glial cells. Labeled
with speciﬁc neuronal and glial markers, Embryonic lethal abnor-
mal vision (Elav) and Repo, respectively, a large increase in the
glial cell population was detected concomitantly with a dramatic
loss of neurons upon Gcm overexpression (Hosoya et al., 1995;
Jones et al., 1995; Vincent et al., 1996). Hence, gcm was imme-
diately thought to possess the master power of switching cell
fates between neurons and glia.Postembryonic roles of Drosophila Gcm
In addition to control neuronal and glial cell fates during
embryogenesis, recent work has also shown that Gcm is required
for postembryonic neurogenesis and gliogenesis. The majority of
postembryonic neurons are generated from embryonic NBs that
undergo a period of quiescence at early larval stage and are
reactivated to proliferate (Prokop and Technau, 1991; Truman
and Bate, 1988). In larval central brains, there are approximately
100 NBs in each brain lobe categorized into type I and type II.Whereas type I NBs divide in a similar mode with the embryonic
NBs, type II NBs are distinct lineages exempliﬁed by six pairs of
dorsal-medial (DM) NBs located in the DM area and two pairs of
NBs located more laterally of the central brain (Boone and Doe,
2008; Izergina et al., 2009). Type II NBs self-renew and generate
more neurons than type I NBs by ampliﬁcation via the inter-
mediate progenitor cells (INPs) (Boone and Doe, 2008; Izergina
et al., 2009).
It is known that glial cells exhibit a strong increase in number
during the postembryonic stage (Pereanu et al., 2005). However,
detailed mechanisms on how these additional glial cells are gener-
ated have just begun to be explored. Recent work has indicated that
type II NBs generate glial cells via INPs and contribute to the
postembryonic increase in glial cell number (Izergina et al., 2009;
Viktorin et al., 2011). More intriguingly, gain-of-function and loss-
of-function studies have shown that gcm is required for generating
glial cells from these type II NBs, thereby controlling the glial
population of the central brain (Viktorin et al., 2011). These pieces
of evidence showed for the ﬁrst time that postembryonic type II NBs
exhibit NGBs-like features that possess potentials to generate both
neurons and glia (Izergina et al., 2009; Viktorin et al., 2011).
Furthermore, gcm is essential for generating glial cells in both
embryonic and postembryonic lineages, suggesting a conserved
function for Gcm throughout development. Indeed, another study
also showed that gcm is required for the generation of a speciﬁc type
of glial cells, neuropile glia, but not another type of surface glia,
perineurial glia, in Drosophila adult brains (Awasaki et al., 2008).
Taken these results together, Gcm controls glial cell differentiation
in distinct postembryonic lineages and regulates glial cell number
and cell types.
In addition to the central brain, Gcm is known to play vital
roles in the visual/optic lobe system during postembryonic
development. In Drosophila compound eye, the representative
units ommatidia contain eight photoreceptor cells (R cells) each
and axons of these R cells target to distinct regions in the optic
lobe. R1–R6 axons target into the ﬁrst optic ganglion region
lamina and stops between two layers of glial cells, the epithelial
glia and marginal glia, whereas R7 and R8 axon growth cones
terminate at the second optic ganglion region medulla where
a third row of glial cells medulla glia is present (Chotard and
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1992). Axon glia interactions are crucial for normal R-cell projec-
tion pattern formation and in particular targeting of R1-R6 axons
to the lamina (Poeck et al., 2001).
Lamina neurons and glia are generated from precursor cells
located in different areas. Lamina neuron precursor cells (LPCs) in
the outer proliferation center (OPC) divide once to give lamina
neurons, whereas lamina glia are from glial precursor cells area
(GPC) and migrate into the projection ﬁeld (Dearborn and Kunes,
2004; Perez and Steller, 1996). Interestingly, both gcm and gcm2
express in glial and neuronal precursors of the optic lobe and are
required for the development of epithelial glia, marginal glia, and
lamina neurons (Chotard et al., 2005). Furthermore, gcm genes
have been shown to collaborate with the Hedgehog (Hh) signaling
pathway to regulate the production of lamina neurons (Chotard
et al., 2005). On the other hand, lamina glia production requires
gcm expression which depends on the Decapentaplegic (Dpp)
signaling pathway (Chotard et al., 2005; Yoshida et al., 2005).
Mosaic analysis in larval brains showed that two groups of
medulla glia: lateral-posterior medulla glia and medial-anterior
medulla glia, are generated and migrated in a Gcm-dependent
manner (Colonques et al., 2007). Lateral-posterior medulla glia
originate from progenitors that express Gcm and lost its expression
upon migration, whereas medial-anterior medulla glia originates
from progenitor cells that do not express Gcm. Yet, in medial-
anterior medulla glia, Gcm is expressed post-mitotically upon their
migration (Colonques et al., 2007). Interestingly, another study has
reported Gcm expression in both the precursor and migratory cells
of these medulla glia (Soustelle and Giangrande, 2007b). In
summary, a great body of work has shown that Gcm proteins play
key roles in regulating neurogenesis and gliogenesis among differ-
ent groups of postembryonic progenitor cells, in both central brains
and visual/optic lobe system, indicating the importance of Gcm
proteins during postembryonic development (Fig. 2).Drosophila Gcm regulates glial cell proliferation via
ubiquitination and degradation
Drosophila Gcm is transiently expressed at the beginning of
glial differentiation and short-lived. In addition to the timely
activation of Gcm target genes that initiates and maintains the
glial program after Gcm expression fades away, precise control
over Gcm protein levels needs to be executed so that just the
correct amount of Gcm protein is present at speciﬁc time during
gliogenesis and glial differentiation is allowed to proceed cor-
rectly. Too much Gcm, as exempliﬁed by the neuronal-speciﬁc
overexpression of Gcm, results in a dramatic upregulated number
in glial cells and could ultimately lead to malfunction of nervous
system and ﬂy lethality. Due to its short period of expression, and
possibly other properties of Gcm protein itself, there had been
difﬁculties in generating Gcm antibodies that are steadily efﬁ-
cient. Thus, information on how Gcm protein levels are regulated
and how Gcm functions in the post-translational levels are rare.
Pulse chase experiments from previous studies have indicated
that mGCMb has a half-life of 30 min and is relatively less stable
when compared to mGCMa (with a half-life of around two hours)
(Tuerk et al., 2000). Although these results indicated that mGCM
proteins have short turnover rates and their stability is under
tight regulation, detailed analyses on the machineries that
regulate their cellular abundance (including Drosophila Gcm
proteins) have not been elucidated until recently.
Findings revealed that both human GCMa (hGCMa) and Droso-
phila Gcm protein levels are regulated by the ubiquitin-proteasome
system (UPS), the major degradation machinery system in cells (Ho
et al., 2009; Yang et al., 2005). UPS is mediated by a cascade ofthree enzymes: E1 activating enzyme, E2 conjugating enzyme, and
E3 ligase. Two types of E3 ligases are designated so far, either
containing the RING or HECT domain. A typical type of the RING
domain-containing E3 ligase is named SCF complex after the
components Skp, Cullin, and F-box proteins, which target speciﬁc
substrates for degradation (Ho et al., 2006, 2008). The human F-box
protein hFBW2 regulates hGCMa ubiquitination, whereas in Dro-
sophila, two F-box proteins, Supernumerary limbs (Slimb) and
Archipelago (Ago), interact with Gcm and promote its degradation
(Ho et al., 2009; Yang et al., 2005).
To analyze Gcm protein stability, a cell-culture based assay
was established in Drosophila S2 cells. To get by the problem with
antibodies, a Flag tag was used to label and detect Gcm protein
expression in cell cultures. Using this assay, Gcm was shown to
possess a half-life of approximately 4 h, and its stability is under
UPS regulation. Silencing the expressions of two F-box genes,
slimb and ago, results in inefﬁcient Gcm ubiquitination, suggest-
ing that both F-box proteins are required in promoting Gcm
ubiquitination. Furthermore, in slimb ago double mutant embryos,
glial development is impaired, as evident by the increase in glial
cell number. This increase in glial cell number is due to the
abnormal accumulation of Gcm in glial cells speciﬁcally as Gcm
overexpression in glial cells recapitulates the same phenotype. It
is concluded that Gcm behaves as a substrate for Slimb and Ago
and its ubiquitination and degradation is essential for glial
development (Ho et al., 2009).
Gcm is normally considered as a binary switch for controlling
neuronal and glial cell fates. Yet, in the context here, additional
roles of Gcm were uncovered. First, Gcm overexpression in glial
cells at the precursor stage results in increased mitotic glial cells
labeled by PH3 staining, suggesting that Gcm controls glial
proliferation before differentiation. Owing to this intrinsic func-
tion, elevated Gcm protein levels in slimb ago mutant embryos
result in the observed increase in the glial cell number. Based
upon these results, it is likely that Gcm promotes glial prolifera-
tion via the proliferation of intermediate progenitors like in
vertebrates and Drosophila postembryonic gliogenesis and down-
regulation of Gcm protein levels by Slimb- and Ago-mediated
protein degradation mechanisms is necessary for the cells to exit
such proliferation program (Fig. 2).Gcm proteins regulate NSC induction and conversion
Numerous transcription factors, growth factors, and cellular
contacts for NSCs have been demonstrated to regulate NSC
differentiation and proliferation. Among all, Gcm proteins serve
as excellent examples. A recent article by Flici et al. (2011)
showed interesting features of Drosophila Gcm-dependent NSC
conversion to glia. Gcm overexpression in NSCs results in a
gradual progression from NSCs to cells with dual identities
marked by both NSC and glial markers, then ultimately transform
them to differentiated glial cells (Fig. 3). Increased number of
ectopic glial cells, induction of late glial genes, and the co-labeling
of both NSC and glial markers in these Gcm-expressing NSCs all
point to a complete and full conversion. This potential of Gcm
converting cells to differentiated glia is restricted to NSCs as post-
mitotic neurons cannot be reprogrammed to glia upon Gcm
overexpression.
Glial induction of NSCs by Gcm works more efﬁciently when
Gcm is expressed at an earlier time, suggesting that younger NSCs
during development are more plastic and exhibit higher conver-
sion potentials. It was also demonstrated that the ability of NSCs
being converted is not associated with its mitotic potential, as
whether or not NSCs can continuously divide is not crucial for
the conversion. Furthermore, Gcm-regulated low levels of histone
GBS
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CpG
NSC induction
Intermediate cells
NB (Dpn or Mira) and 
glial (Repo) markers +
H3K9ac and HAT levels
NSC
Glia
Gcm
Fig. 3. Gcm proteins regulate NSC induction and conversion. (A) Drosophila Gcm
fully converts the NSC to the differentiated glia via an intermediate cell that can be
detected by both NSC and glial markers such as Deadpan (Dpn), Miranda (Mira), or
Repo. This conversion requires Gcm-mediated epigenetic pathways for the cell to
enter the glial differentiation program completely. (B) mGCM1 and mGCM2 are
required for demethylating the promoter region of a Notch target gene, Hes5. By
binding to the GBS of Hes5 promoter, both GCM proteins demethylate the region,
promote Hes5 gene expression, and induce NSC formation.
H. Mao et al. / Developmental Biology 370 (2012) 63–70683 lysine 9 acetylation (H3K9ac) and Drosophila CREB-binding
protein (dCBP) Histone Acetyl-Transferase (HAT) were detected
as exclusive epigenetic marks in glial cells, suggesting that Gcm
functions to direct NSCs to enter the glial differentiation program
denoted by these chromatin signatures (Flici et al., 2011).
Interestingly, the aforementioned epigenetic features were
also detected in vertebrate glia and similar epigenetic controls
exerted by mGCM proteins were reported using a mouse model to
study the induction of NSCs. Previous studies suggested that
Notch signaling pathway, in particular the upregulation of a
Notch target gene, Hes5, is involved in the generation and
maintenance of NSCs (Hitoshi et al., 2002, 2004; Ohtsuka et al.,
2001). Follow-up studies by Hitoshi and colleagues showed that
Hes5 expression is regulated by methylation status at its promo-
ter region, and demethylation of this region is mediated by both
mGCM1 and mGCM2. ChIP analysis veriﬁed the interaction
between mGCM2 and the fourth GCM binding site and mGCM1
and the second GCM binding site at the Hes5 promoter region.
Furthermore, the upregulation of Hes5 expression disappeared in
mGCM mutant embryos, and the induction of NSCs was subse-
quently impaired. These results provide strong evidence that
mGCM proteins epigenetically control the methylation status of
Hes5 promoter region, activate Hes5 expression upon demethyla-
tion, and regulate the induction of NSCs. Interestingly, Hes5
expression was reported in mouse retina and regulates glial cell
fate speciﬁcation (Hojo et al., 2000), implicating mGCM proteins
in mammalian gliogenesis via epigenetic regulation, an hypoth-
esis that was hardly recognized before (Fig. 3).Summary and perspectives
Gcm proteins were ﬁrst identiﬁed in Drosophila more than a
decade ago, with a pivotal role in embryonic glial differentiation.
Soon after, other members of the Gcm protein family were found to
participate in various developmental contexts. Studies on Droso-
phila Gcmwere then extended to the postembryonic period, during
this time Gcm is expressed and regulates the differentiation of
different neuronal and glial subtypes. Despite the speculation on asimilar function in mammalian nervous system, Gcm proteins are
expressed in low levels and predominantly localize in placenta and
parathyroid gland in mammals.
Recent work, however, has further elaborated Gcm proteins
functions in the nervous system. Gcm proteins epigenetically
control the induction and conversion of NSCs in both Drosophila
and mammals. Moreover, Drosophila Gcm exhibits a proliferative
role in glial development. These pieces of evidence suggest that
Gcm proteins function in a variety of cellular processes such as
demethylation, cell differentiation, and cell proliferation. In addi-
tion, ubiquitination-mediated degradation controls on Gcm pro-
teins themselves and the relevance in-vivo have been carefully
deciphered, further demonstrating a vital means to regulate Gcm
protein stability. In the future, it will be important to unravel
more novel Gcm functions and the underlying regulatory
mechanisms to understand their impacts on the development
and function of nervous system.Acknowledgments
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